INTRODUCTION
During the Sarmatian period the Paratethys Sea covered large regions of today's eastern and southeastern Europe, reaching from the Pannonian Basin System in the west to the Turan Depression in the east (Rögl, 1998 (Rögl, , 1999 Popov et al., 2004; Piller & Harzhauser, 2005) . In this late stage of its development, the Paratethys comprised the Central Paratethys ( Fig. 1) , restricted to the Pannonian Basin, and the vast, extensive Eastern Paratethys.
During the Sarmatian, seaways between these two seas allowed full exchange of the uniform, lowdiversity, fully endemic Paratethyan fauna (Rögl, 1998 (Rögl, , 1999 Piller & Harzhauser, 2005) . The Alpidic and Dinaric mountain chains acted as barriers to separate the Central Paratethys from the Mediterranean Sea. This separation resulted in completely different faunal inventories, which are reflected in the regional biostratigraphical zonations (Fig. 2; Harzhauser & Kowalke, 2002; Harzhauser, Piller & Steininger, 2002; Piller & Harzhauser, 2005; Harzhauser, Gross & Binder, 2008) .
Throughout the Sarmatian, distinct morphological evolution is recorded among several gastropod and bivalve species of the Central Paratethys (Papp, 1956 (Papp, , 1958 Piller & Harzhauser, 2005) . Papp (1958) was the first to provide studies on the morphological changes in these molluscs and tried to relate them to phyletic processes. Based on the rapid endemic evolution, Papp (1958) established a mollusc-based biozonation of the Sarmatian stage, starting with the Mohrensternia Zone from c. 12.7 to 12.4 Mya, followed by the lower and upper Ervilia Zones (c. 12.4-12.1 and 12.1-11.9 Mya, respectively) and the Sarmatimactra Zone from c. 11.9 to 11.6 Mya (dates after Harzhauser & Piller, 2004) .
Being a very eye-catching example, we studied the phenotypic differentiation in the species lineage of Polititapes tricuspis (Eichwald, 1829) (Veneridae: Tapetini) across the boundary between the upper Ervilia Zone and the Sarmatimactra Zone. Since the lower Ervilia Zone this species has been widespread over the entire Paratethys Sea ( Fig. 2 ; Schneider, Figure 1 . A, geographical overview of the western shores of the Central Paratethys Sea in the late Sarmatian with roughly estimated water depths (modified after Piller & Harzhauser, 2005) . Investigated localities in the Vienna Basin and adjacent Eisenstadt-Sopron Basin are indicated with stars and numbered as follows: 1, Hauskirchen; 2, Nexing; 3, Hautzendorf; 4, Kronberg; 5, Hölles; 6, Wiesen; 7, St. Margarethen Zollhaus; 8, Fertőrákos. B, extent of the Central Paratethys in the Pannonian Basin System and the Alpine-Carpathian Foredeep during the Sarmatian (modified after Harzhauser, Mandic & Zuschin, 2003) . Piller, 2004 Piller, , 2012 . The grey bar roughly indicates the studied time slice (no precise data available). Polarity chrons were created with TimeScale Creator 6.0 (Ogg & Lugowski, 2012) following the current age model in Gradstein et al. (2012) . Mandic & Harzhauser, 2013) . It belongs to a genus that originated around the Early-Middle Miocene transition and is represented today in shallow-water settings of the Western Atlantic and the Mediterranean with species such as Polititapes aureus (Gmelin, 1791) (Goncharova, 1986) . The complex taxonomic history of Polititapes tricuspis, including a whole host of names, was accurately reviewed by Kojumdgieva (1969) , Nevesskaja et al. (1993) , and Schneider et al. (2013) . According to the taxonomic model established therein, P. tricuspis originated in the early Sarmatian, most probably from the BadenianSarmatian P. vitalianus (d'Orbigny, 1844), and gave rise to P. ponderosa (d'Orbigny, 1844) in the late Sarmatian Sarmatimactra Zone (Papp, 1974) . The whole lineage became extinct by the end of the regional Bessarabian stage at c. 11.2 Mya (Papp, 1974; Nevesskaja et al., 1993; Schultz, 2005; Schneider et al., 2013) . In this study we focus on the morphological transition between the phenotypes 'P. tricuspis' and 'P. ponderosa' (Fig. 3) . To avoid prejudiced categorization, the traditional taxonomic entities in this lineage are a priori ignored. We follow the definition of Simpson (1961) , who defined the term 'lineage' as an ancestral-descendant sequence of populations forming an evolutionary species. While the 'classical' P. tricuspis has a small, roughly triangular shell, P. ponderosa develops large, thick and rounded shells. In between, a great variety of transitional shapes and sizes is observed (Papp, 1958 (Papp, , 1974 , complicating an objective taxonomic classification in many cases. To prevent subjective interpretation of traditionally used taxonomic criteria, we applied geometric morphometric techniques based on various aspects of the shell. The internal proportions of the shell were analysed with a Generalized Procrustes Analysis from a configuration of 15 landmarks. The shell outline was separately examined using the Fast Fourier Transform (FFT) method. Shell size and thickness were additionally recorded, since they were not covered by either analysis. This multi-approach investigation is considered to give a very detailed picture of the phenotypic changes at the transition of the two biozones. Together with comprehensive data on the regional palaeoenvironmental shifts occurring at the same time, this forms a solid base for a reliable ecological interpretation.
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MATERIAL
Although the morphological evolution in Polititapes is known to occur to a similar extent throughout the entire Paratethys Sea (Kojumdgieva, 1969; Papp, 1974; Nevesskaja et al., 1993; Ionesi et al., 2005) , we used exclusively material from the Vienna Basin and the adjacent Eisenstadt-Sopron Basin. For this rather restricted geographical region a considerable amount of material and more data on stratigraphy and the palaeoenvironment is available, allowing more detailed and reliable interpretations of the results.
To apply both types of morphometric analyses to the same set of shells, only well-preserved specimens showing internal features could be considered. Among the available shells, the right valves were more abundant and better preserved and were therefore selected. These limitations restricted the appropriate material. From several localities only a few specimens could be used. Usually such small sample sizes would be statistically not meaningful and one could not presume a normal distribution. However, more material is available for each of these localities roughly falling into the same morphological ranges; it is simply insufficiently preserved to be used in the morphometric analyses.
Only shells from localities with reliable stratigraphic classifications were used for the analysis. As precise geological ages are wanting for most localities, they were grouped into biozones, namely the upper Ervilia Zone and the successive Sarmatimactra Zone. Most specimens were obtained from the collection of the Natural History Museum Vienna, stored under inventory numbers NHMW 2013/0018-0024. Material from Fertőrákos (Hungary) was kindly provided by Anton Breitenberger and Reinhold Kunz. Specimens from St Margarethen were collected and photographed by Simon Schneider. A total of 405 specimens were studied. The investigated localities comprise Hauskirchen (n = 76), Nexing (n = 78), Hautzendorf (n = 45), Kronberg (n = 94), Hölles (n = 39), and the lower layers of Wiesen (n = 36) for the upper Ervilia Zone, and the upper layers of Wiesen (n = 29), St Margarethen (n = 2), and Fertőrákos (n = 6) for the Sarmatimactra Zone (Fig. 1) .
METHODOLOGY
To cover as many morphological details as possible, we applied two different morphometric methods. The first technique uses homologous points, i.e. landmarks, to shed light on internal features and their changes over time. The second approach analyses the shell outline and thus provides a picture of the general shape. Because both methods explore different shell characters, the results can only be discussed separately. This approach also allows a separate assessment of changes of internal and external morphology through time. However, both analyses disregard size differences. To test for changes of dimensions through time, size was recorded as centroid size. This is calculated as the sum of squared Euclidean distances of all landmarks to the geometric centroid (Bookstein, 1991; Roopnarine & Vermeij, 2000) . In the absence of allometry it is the only size measure that is uncorrelated with shape (Bookstein, 1991) . Unfortunately, it was not possible to test for allometric growth (e.g. Anderson & Roopnarine, 2005; Roopnarine, Signorelli & Laumer, 2008) , as no juvenile shells were available for the Sarmatimactra Zone. To make the results of both biozones comparable, we excluded specimens of < 50% of the maximum shell length for each locality of the upper Ervilia Zone.
One parameter not covered by the aforementioned analyses is shell thickness, which is known to change over time in the Polititapes tricuspis lineage (Papp, 1958; Piller & Harzhauser, 2005) . It was measured at the estimated shell centroid using a special caliper. As variation in shell thickness is negligible around the centroid, this approximate approach does not distort the results.
The shells were, where necessary, cleaned from sediment to ensure easy identification of the landmarks. Specimens were scanned with an Epson Perfection 4990 Photo flatbed scanner to guarantee uniformly plane alignment. Sediment particles around outlines were deleted with the rubber tool in Corel PhotoPaint 12. Likewise, small pieces of broken shell margins were digitally restored. Such edits were only performed when there was no doubt about the course of the original shell margin.
LANDMARK ANALYSIS
The shell of the venerid bivalve Polititapes has a complex hinge apparatus and distinct muscle scars, which allow a clear identification of homologous points that can be used as landmarks. Fifteen Type I and II landmarks were chosen (Bookstein, 1991; Slice et al., 1996) , describing the relative position of the umbo, the features of the cardinal teeth, the size of the muscle scars, and the pallial sinus (Fig. 4) . Landmarks were set on digitized images with the program tpsDig 2.16 (Rohlf, 2010a) . The resulting coordinates were subjected to tpsRelw 1.49 (Rohlf, 2010b) . This program performs the generalized orthogonal leastsquares Procrustes superimposition to compute the 'consensus' or reference configuration (Rohlf & Slice, 1990) . For a detailed description of the methods see Bookstein (1991 Bookstein ( , 1996 , Rohlf (1993) , Rohlf & Marcus (1993) , and Slice (2000) . The affine/uniform component was not included in the analysis. To visualize shape differences between the two zones, a linear discriminant analysis (LDA) was performed on the relative warps including Hotelling's T 2 test.
OUTLINE ANALYSIS
For the FFT method the same set of specimens was used. Details on the advantages of this method over other outline-based techniques are described by Haines & Crampton (2000) and briefly summarized in Neubauer, Harzhauser & Kroh (2013) . Because the method is very sensitive to starting point (Haines & Crampton, 2000) , images were orientated uniformly. They were rotated in Corel PhotoPaint 12 such that the ventral tips of the adductor/retractor muscle scars lie on a horizontal line (Fig. 4) . As the method is also sensitive to outline irregularities, contrast, brightness, and intensity were increased by 100, and the tools 'noise reduction' (parameters: minimum, percentage 100, radius 1) and 'dust and scratches'
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(parameters: level 80, radius 5) were applied. This created sharp outlines that were captured with tpsDig 2.16 (Rohlf, 2010a) . The starting point for outline tracing was the umbo as the most distinct outline feature. The resulting x,y-coordinates were subjected to the program Hangle, which employs the FFT (Crampton & Haines, 1996) . Twelve harmonics were used to reproduce the outline, covering the main features of the outline but neglecting minor irregularities (tested with inverse Fourier decomposition using the program Hcurve; Crampton & Haines, 1996) . Outlines were smoothed ten times in Hangle to reduce potential pixel noise. Subsequently, curves were matched for starting point using Hmatch (Crampton & Haines, 1996) . A principal components analysis (PCA) was computed from the variancecovariance matrix of the resulting Fourier coefficients.
As for the relative warps analysis (RWA), an LDA for the two biozones was performed on the principal components. All statistical analyses used in this paper were performed applying PAST 2.14 software (Hammer, Harper & Ryan, 2001 ).
RESULTS
The LDA of the relative warps obtained from the landmark analysis yielded a positive classification rate of 93.58% for a separation between specimens of the upper Ervilia Zone and Sarmatimactra Zone (Hotelling's T 2 = 367.47, P < 0.001) (Fig. 5A) . The partial misclassification resulting from a morphological overlap is indeed expected rather than surprising with respect to phenotypic evolution. Best differentiation between both groups in the RWA is given along RW2 (17.08%) and RW4 (8.06%) (Fig. 6) . Hence, the morphological variability of P. tricuspis within each biozone (e.g. along RW1, 27.34%) is larger than between the two zones. The RWA allows interpretation in a biological sense (e.g. Roopnarine & Vermeij, 2000; Roopnarine et al., 2008) . For each of the first four relative warps, thin-plate spline images for the approximate minimum and maximum occupied values per warp are provided in Figure 6 . For RW1 negative values reflect very small cardinal teeth and a widening of the ventral margin (ventral tips of both adductor/retractor muscle scars drift outwards). RW1 is basically correlated with changes of relative shell length. Negative values for RW2 correspond to increasing size/strength of the cardinal teeth and a deep pallial sinus. Additionally, the ventral tip of the anterior adductor muscle scar lies more centrally, producing a shorter pallial line. Along RW3 (11.74%), negative values reflect large cardinal teeth, but a small sinus. Low values for RW4 correspond to a slight rotation of the cardinal teeth and a shift of the dorsal tip of the anterior muscle scar in posterior direction. In particular, the posterior cardinal tooth becomes distinctly elongate.
To sum up, the differentiation of specimens of the Sarmatimactra Zone, detected by the RWA, with small values for RW2 and high values for RW4 (Fig. 6) , is based on (1) relatively large, roughly equally expressed cardinal teeth, (2) a short pallial line, as a consequence of a shortened ventral shell margin (shells become less triangular), and (3) a deep pallial sinus. The separation of both biozones should not be overestimated, however, as there is still a large morphological overlap. The shapes typical for Sarmatimactra Zone specimens are in part already present in the upper Ervilia Zone, yet do not dominate. However, it is evident from the RWA that the average shell shape changes over time, expressed as a shifted mean and a narrowing spread. The lower sample size for the Sarmatimactra Zone must have an effect on this, but the differences are still very distinct.
While the RWA considers proportions of the internal elements of the shell, the Fourier analysis covers properties of the outline. Comparable to the RWA, the results are presented as PCA computed from the Fourier coefficients (Fig. 7) . The LDA of the principal components yielded significant separation of both biozones (Hotelling's T 2 = 250.04, P < 0.001) with a classification rate of 89.38% (Fig. 5B) . The PCA of the Fourier coefficients showed best separation along PC2 (16.42%) and PC3 (10.56%) rather than PC1 (34.37%), proving again that the variability within the biozones is larger than between. The biplot indicates that the first four components are mainly controlled by harmonics 2 and 3, which describe length (anteriorposterior extension) and height (ventral-dorsal extension) (Fig. 7) . In particular, length is the main parameter responsible for the variation along PC1 (as in the RWA). PC2 largely corresponds to changes in shell height. PC3 is best explained by a combination of height and length. Beginning with PC5, more detailed structures of the outline have an influence on the data spread. Thus, relative shell height obviously has a strong effect on the separation of the biozones. Shells in the Sarmatimactra Zone tend to be higher and slightly broader, resulting in relatively circular outlines. Both analyses showed also slight differences between specimens from localities of the same biozone, which are not presented here. This regional variation cannot be reliably discussed with precise age classifications wanting. More information is needed to shed light on these small-scale differences.
SHELL SIZE AND THICKNESS
The RWA and FFT exclusively analyse shape and completely ignore size and thickness differences. Yet, both parameters are obviously important for differentiating shells of the two biozones. The box plots in Figure 8 clearly indicate considerable discrepancies for centroid size and shell thickness. Both factors are significantly correlated with each other (upper Ervilia Zone: r = 0.608, P < 0.001; Sarmatimactra Zone: r = 0.683, P < 0.001).
DISCUSSION
The entirety of all analyses indicates a distinct morphological shift in the Polititapes tricuspis lineage across the two biozones, involving changes in shell shape, size, and thickness. The differentiation of the Sarmatimactra Zone specimens from the upper Ervilia Zone specimens is essentially based on (1) larger and thicker shells, (2) rounder, less pointed outlines, (3) a deeper pallial sinus, and (4) larger, roughly equally expressed cardinal teeth. While size, thickness, and outline curvature produced good separation between the biozones, the internal features gave less clear results. The RWA showed solely a shifted mean and spread of the occupied morphospace, yet with no distinctly isolated clusters. Nevertheless, this shift, or rather the lack of certain former morphologies, requires an explanation. To provide a reliable interpretation of the biological significance of all the aforementioned changes, an environmental characterization of the two biozones is necessary.
ENVIRONMENTAL DESCRIPTION OF THE BIOZONES
In the upper Ervilia Zone massive carbonate sedimentation prevails, resulting in extensive ooid shoals throughout the Central Paratethys (Piller & Harzhauser, 2005; Lukeneder et al., 2011) . Together with thick cross-bedded successions, this indicates rather shallow, high-energy conditions. Based on sedimentological evidence, strong influence of tidal activity is suggested from the early Sarmatian up to the Ervilia Zone by Mandic et al. (2008) and Harzhauser & Piller (2012) . Oolites and shell beds both show strong carbonate cementation, arguing for supersaturation of the water with calcium carbonate (Piller & Harzhauser, 2005) .
The Sarmatimactra Zone is still dominated by carbonate sedimentation, with negligible siliciclastic input (Piller & Harzhauser, 2005) . Carbonate cementation increases distinctly, commonly forming very thick radial-fibrous cement crusts on oolites and shell beds. Foraminiferal-microbial build-ups reach their optimum during this biozone, attaining up to 20 m in width. Stable isotope analyses of gastropod shells from the Sarmatimactra Zone document a distinct increase in salinity due to enhanced evaporation (Latal, Piller & Harzhauser, 2004; Tóth et al., 2010) . Uniform sediment bedding signals high water energy. Strong wave action, water currents, and the low input of siliciclastics impede the formation of sedimentary structures. All these environmental changes favoured the establishment of extensive, very shallow, tidaldominated, high-energy areas along the entire Central Paratethys shores. Even in central parts of the Pannonian Basin System a shallowing-upward trend is recorded, with the establishment of warm, shallow-water marine lagoons in the latest Sarmatian (Cornée et al., 2009 ).
INTERPRETATION OF MORPHOLOGICAL CHANGES
Each of the morphological trends detailed above fits well to the environmental trends in a biologically functional way. In particular, the evolution of a larger, thicker shell with a circular shape and the centralization and strengthening of the cardinal teeth might share the same environmental trigger. Because of the decreased water depth in the Sarmatimactra Zone, shells were more exposed to wave action and the influence of the tides. Deeper environments that might have served as a refuge were available only to a minor extent. The new high-energy habitats required a higher degree of mechanical stability. In such settings larger and thicker shells are of course beneficial. Many species typically found among recent shores exposed to high wave action have comparably thick shell walls. Stanley (1970) noted that for nonattached bivalves thick shells are very typical among reclining and shallow-burrowing groups, being more prone to disruption by wave action and currents.
The adaptations of the hinge apparatus reflect the developmental restrictions of tapetine Veneridae. This bivalve group lacks lateral teeth (Moore, 1969) , making the cardinal teeth (apart from the ligament) the main opponent to shearing stress. Therefore, strengthening and a more central position of the cardinal teeth are the two options to achieve higher constructional stability by lowering the possible influence of lateral shearing.
The size of the pallial sinus is usually associated with burrowing depth. Deeply burrowing bivalves need longer siphons to retain a connection with the bottom water, which consequently need more space in the mantle cavity leading to a deeper pallial sinus (e.g. Taylor & Lewis, 2005) . Hence, the deepening of the pallial sinus in specimens from the Sarmatimactra Zone corresponds to a trend of deeper burrowing. Although most burrowing organisms develop elongate shapes, there are several examples of deep-burrowing bivalves with circular shells, especially among the Lucinidae or dosiniine Veneridae (Ansell, 1961; Stanley, 1970) . According to the comprehensive survey of Stanley (1970) on the functional morphology of bivalve shells, species with distinctly circular shells burrow vertically downward into the sediment. In contrast to its triangular predecessor, the new phenotype in the P. tricuspis lineage with a circular to subcircular shape might therefore have been adapted to deeper, vertically bound burrowing. On the other hand, burrowing rate was supposedly reduced. Larger and rounder shells oppose the sediment with a greater surface area, so will experience higher resistance (Trueman, Brand & Davis, 1966; Trueman & Ansell, 1969; Stanley, 1970; Seilacher, 1984) . In addition, thicker shells are heavier, requiring more energy to move (Stanley, 1970) .
The changing burrowing habit may again be a result of environmental changes at the transition to the Sarmatimactra Zone. The possibility of being washed out by wave action is thus reduced. Beyond that, the ability to protrude deeper into the sediment might be advantageous in such settings, where deeper sediment layers are still saturated with water at low tide (Ott, 1988) . In such a high-energy intertidal environment the sediments are highly permeable and show a high water throughput (Ott, 1988; Anschutz et al., 2009) . Therefore, water saturation in the sediment column readily decreases as the water level retreats during ebb tides. The shallow burrowing Polititapes tricuspis was likely to have been affected by occasional exposure to desiccation and temperature variability (Bayne, 1976; Dame, 2012) . Moreover, with regard to being washed out by waves and suffering from desiccation during low tide, a larger, stronger body might prove advantageous (e.g. Kurihara, 2003; see below) .
Greater burrowing depth as a method to escape competition for settling space is unlikely in this context. Overall biodiversity is strongly reduced in the Sarmatimactra Zone as a result of a high rate of extinction at the end of the upper Ervilia zone (Harzhauser & Piller, 2007) . Other infaunal bivalves recorded for the Sarmatimactra Zone comprise the small and rare Donax lucidus Eichwald, 1830, the small and rare Solen subfragilis Eichwald, 1853, the large, abundant Sarmatimactra vitaliana (d'Orbigny, 1844), and several cardiid species (Papp, 1954 (Papp, , 1974 . The tellinid genus Donax is a rapid, shallow burrower, characteristic of shallow, wave-exposed sandy beaches (Trueman et al., 1966; Stanley, 1970) ; solenids are rapid-and deep-burrowing bivalves (Trueman, 1967) ; cardiids have short siphons, indicating very shallow sediment penetration (Stanley, 1970) . Sarmatimactra is interpreted to be a shallow water dweller in estuarine and lagoonal settings (Mandic et al., 2008) , comparable to recent examples of Mactridae from the Atlantic, where mass occurrences with densities of up to 400 individuals m −2 are reported from inlets exposed to strong in-/outflow currents (Branch & Branch, 1981) . As the fossil record is incomplete, especially concerning the great number of infaunal, purely soft-bodied species, we cannot fully exclude the competition-escape hypothesis.
The diminishing burrowing rate is not expected to have a negative effect, such as the reduced ability to escape potential predators. Escalation as a driving force behind any of the observed morphological changes is unlikely. Organisms that are able to predate on bivalves are rare during the late Sarmatian. There is only a single species of carnivore ocinebrid muricid gastropod in the Sarmatian, which rarely occurs in the Sarmatimactra Zone, and naticids are absent during this period (Papp, 1954 (Papp, , 1974 . Starfish, many of which predate on bivalves (e.g. Carter, 1968; McClintock & Robnett, 1986) , are also completely lacking in this late phase of the Central Paratethys (Piller & Harzhauser, 2005) . The impact of other molluscivorous animals such as certain birds, crabs, or vertebrates (e.g. Vermeij & Covich, 1978; West, Cohen & Baron, 1991; West & Cohen, 1994; Zuschin, Stachowitsch & Stanton, 2003; Stempien, 2007) , which can be quite considerable, is unknown. Not a single shell exhibits bore holes or any sign of predational biological interaction or repair marks.
An effect of the hypersaline regime proposed for the Sarmatimactra Zone on any of the observed morphological changes could not be tested. Although the uniform Paratethyan fauna indicates largely uniform conditions for the entire sea, the degree of hypersalinity and potential geographical variation of such conditions are unknown (Latal et al., 2004; Piller & Harzhauser, 2005) . Moreover, Polititapes tricuspis is a fossil species, and its tolerance to salinity fluctuations is unknown. The few existing data on salinity requirements for tapetine venerids (e.g. Rasmussen, 1958; Nell & Paterson, 1997; Namaguchi, 1998) indicate wide ranges (from brackish to hypersaline) with large discrepancies between different species. This makes any estimation doubtful.
WHY LARGER?
One hypothesis usually discussed in the context of evolutionary size increase is Cope's Rule, i.e. the tendency for organisms in evolving lineages to increase in size over time (Cope, 1896; Stanley, 1973) . This theory raised heated debates over the last century, but has been rarely demonstrated and lacks empirical data for most systematic groups (for a review see Hone & Benton, 2005) . Many arguments for and against (or arguments against generalization) exist in the literature (e.g. Brown & Maurer, 1986; Jablonski, 1997; Kingsolver & Pfennig, 2004) . The advantages of being larger, which are summarized by Hone & Benton (2005) and potentially applicable to bivalves, involve a greater range of acceptable foods, increased defence against predation, increased success in mating, intra-and interspecific competition, survival through lean times, and resistance to climatic variation. One often neglected factor is that individual body size is strongly dependent on the environmental conditions (Hunt & Roy, 2006) . Changes in the ecological setting over geological time therefore have implications for body size evolution. This is probably the case for P. tricuspis. The greater exposure to water energy and tidal activity and supposedly also the increasing salinity in the Sarmatimactra Zone produced enhanced environmental pressure on the bivalves, which might have resulted in a shifting selection pressure towards larger shells. As stated above, predation and interspecific competition were probably negligible factors. Consequently, body size evolution in P. tricuspis is considered as a functional adaptation to increase individual fitness in a changing environment. In its broadest sense, this is in line with the idea of Cope's Rule.
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To maintain larger bodies a certain availability of food is necessary. The increases of shell size and thickness caused an exponential augmentation of shell and body mass. Such developments, in addition to the expected energy loss by resisting higher mechanical stress, necessitate a highly elevated nutrient uptake. This relationship is non-linear as a bivalve's filtration efficiency decreases with increasing individual size (Wilbur & Owen, 1964) . The feeding preferences in the fossil P. tricuspis are of course not easily determined. Recent tapetine venerids feed on various types of phytoplankton, bacteria, and particulate plant matter (e.g. Laing, Child & Janke, 1990; Stenton-Dozey & Brown, 1992; Coutteau, Curé & Sorgeloos, 1994; Laing & Child, 1996) , with retention largely depending on particle size (Møhlenberg & Riisgård, 1978; Defossez & Hawkins, 1997) . Although we cannot identify the main food sources of P. tricuspis, the extension of foraminiferal-microbial bioconstructions with thick carbonate crusts (Piller & Harzhauser, 2005) , paired with evidence for high primary productivity at that time (for an overview see Cornée et al., 2009) , suggest high availability of nutrients.
IMPLICATIONS FOR TAXONOMY
Much effort has been expended to categorize the morphological variability in the Polititapes tricuspis lineage, resulting in the descriptions of many species, subspecies, phenotypes, and/or forms (e.g. Eichwald, 1830 Eichwald, , 1852 Eichwald, , 1853 Goldfuss, 1841; Papp, 1958 Papp, , 1974 . The strong morphological overlap between some of these entities (if recognizable as such) and the ongoing evolutionary trend, however, complicate such attempts. The plenitude of names was reduced to some extent in the taxonomic revisions by Kojumdgieva (1969) , Nevesskaja et al. (1993) , and Schneider et al. (2013) . The temporal resolution of the fossil successions limits a more precise assessment of the evolutionary mechanisms and the possibility of deriving small-scale phylogenetic patterns. Whether speciation takes place, in whatever manner, cannot be evaluated from the present data. Therefore, and because of the high degree of morphological overlap, an assignment of a name to a specific morphology is avoided. Future investigations need to focus on the integration of material from other localities and on obtaining more precise knowledge of their stratigraphic ages. This would perhaps allow specifying trends in a more detailed way, to construct a reliable time frame, and to relate small-scale morphological tendencies to local environmental shifts.
MORPHOLOGICAL TRENDS IN THE LATE SARMATIAN
Interestingly, morphological evolution seems to be a common phenomenon in many mollusc species passing the transition from the upper Ervilia Zone to the Sarmatimactra Zone. Papp (1958) recorded more or less gradual evolutionary tendencies in a series of bivalve and gastropod species. For example, Sarmatimactra vitaliana (d'Orbigny, 1844), the eponymous species of the respective biozone, shows a massive size increase. In contrast, the gastropod Duplicatum duplicatum (Sowerby, 1832) becomes gradually larger during the Ervilia Zone, but smaller in the Sarmatimactra Zone. Size variation plays a minor role in the snail Gibbula poppelacki (Hörnes, 1855) , which instead shows a trend towards more slender shells with reduced sculpture over time. The eponymous Ervilia dissita (Eichwald, 1830) shows a gradual size increase during the Ervilia Zone and goes extinct at its end.
These developments supposedly have their origin in the same palaeoenvironmental changes summarized above. Although an interpretation of each of these morphological alterations is beyond the scope of this paper, they indicate the massive impact of the ecological and climatic turnover on the late Sarmatian Sea. Comparable morphometric studies of each of these species would certainly increase our understanding of the environmental influence at that time.
CONCLUSIONS
This study displays a multi-method approach to the analysis of morphology. By including both a landmark-and an outline-based morphometric method, various aspects of the shell can be captured and a detailed picture of the evolutionary tendencies can be drawn. The morphometric analyses of the late Sarmatian Polititapes tricuspis lineage, including separate assessments of shell size, thickness, outline, and internal morphology, show distinct differences between the populations sampled from the upper Ervilia Zone and those from the subsequent Sarmatimactra Zone. RWA and FFT yield similar results. Both methods show that shape variation is higher within each biozone than between. Differentiation of the geologically younger specimens is based on larger and thicker shells, rounder, less pointed outlines, a deeper pallial sinus, and larger cardinal teeth.
Data on the palaeoenvironments of both biozones suggest the morphological trends to be functional adaptations to a changing ecological setting. Because of a decreased water depth followed by significant surface increase of intertidal flats in the Sarmatimactra Zone (Latal et al., 2004; Piller & Harzhauser, 2005) , shells were exposed to stronger wave action and a greater influence of the tides. The associated necessity for more mechanical stability resulted in the production of larger and thicker shells with stronger cardinal teeth. Because of the lack of lateral teeth in tapetine venerids, another option to improve stability is to move the cardinal teeth towards the hinge centre. The deepening pallial sinus suggests deeper penetration into the sediment. Deep burrowing reduces the chances of being washed out in such high-energy settings and impedes desiccation during low tide.
The larger, rounder, and thicker shells supposedly diminished the burrowing rate considerably. A negative implication of this, however, is unlikely. Predators that might have exploited such an opportunity are extremely rare in the late Sarmatian; only a single, seldom occurring predatory gastropod species is known.
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